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Using a sample of 771.6 × 106 ϒϒð4SÞ decays collected by the Belle experiment at the KEKB eþ e−
collider, we observe, for the first time, the transition ϒð4SÞ → ηhb ð1PÞ with the branching fraction
B½ϒð4SÞ → ηhb ð1PÞ ¼ ð2.18  0.11  0.18Þ × 10−3 and we measure the hb ð1PÞ mass M hb ð1PÞ ¼
ð9899.3  0.4  1.0Þ MeV=c2 , corresponding to the hyperfine (HF) splitting ΔM HF ð1PÞ ¼
ð0.6  0.4  1.0Þ MeV=c2 . Using the transition hb ð1PÞ → γηb ð1SÞ, we measure the ηb ð1SÞ mass
M ηb ð1SÞ ¼ ð9400.7  1.7  1.6Þ MeV=c2 , corresponding to ΔM HF ð1SÞ ¼ ð59.6  1.7  1.6Þ MeV=c2 ,
2
the ηb ð1SÞ width Γηb ð1SÞ ¼ ð8þ6
−5  5Þ MeV=c and the branching fraction B½hb ð1PÞ → γηb ð1SÞ ¼
ð56  8  4Þ%.

DOI: 10.1103/PhysRevLett.115.142001

PACS numbers: 14.40.Pq, 12.38.Qk, 12.39.Hg, 13.20.Gd

The bottomonium system, comprising bound states of b
and b̄ quarks, has been studied extensively in the past
[1,2]. The recent observations of unexpected hadronic
transitions from the J PC ¼ 1−− states above the BB̄ meson
threshold, ϒð4SÞ and ϒð5SÞ, to lower mass bottomonia
have opened new pathways to the elusive spin-singlet
states, the hb ðnPÞ and ηb ðnSÞ [3,4], and challenged
theoretical descriptions, showing a large violation of

the selection rules that apply to transitions below the
threshold.
Hadronic transitions between the lowest mass quarkonium levels can be described using the QCD multipole
expansion [5–10]. In this approach, the heavy quarks emit
two gluons that subsequently transform into light hadrons.
The ππ and η transitions between the vector states proceed
via emission of E1E1 and E1M2 gluons, respectively.
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Therefore, η transitions are highly suppressed as they
require a spin flip of the heavy quark [11,12]. Indeed,
the ratio of branching fractions
RηS
ππS ðn; mÞ ¼

B½ϒðnSÞ → ηϒðmSÞ
;
B½ϒðnSÞ → π þ π − ϒðmSÞ

is measured to be small for low-lying states: RηS
ππS ð2;1Þ¼
ηS
−3
ð1.640.23Þ×10
[13–15] and RππS ð3;1Þ < 2.3 ×
10−3 [14].
Above the BB̄ threshold, BABAR observed the
transition ϒð4SÞ → ηϒð1SÞ with the unexpectedly large
branching fraction of ð1.96  0.28Þ × 10−4 , corresponding
to RηS
ππS ð4; 1Þ ¼ 2.41  0.42 [16]. This apparent violation
of the heavy quark spin-symmetry was explained by the
contribution of B meson loops or, equivalently, by the
presence of a four-quark BB̄ component inside the ϒð4SÞ
wave function [17,18]. At the ϒð5SÞ energy, the anomaly
is even more striking. The spin-flip processes ϒð5SÞ →
ππhb ð1P; 2PÞ are found not to be suppressed with respect
to the spin-symmetry preserving reactions ϒð5SÞ →
ππϒð1S; 2SÞ [3], and all the ππ transitions show the
presence of new resonant structures [19,20] that cannot
be explained as conventional bottomonium states.
Further insight into the mechanism of the hadronic
transitions above the threshold can be gained by searching
for the E1M1 transition ϒð4SÞ → ηhb ð1PÞ, which is
predicted to have a branching fraction of the order of
10−3 [21].
In this Letter, we report the first observation of the
ϒð4SÞ → ηhb ð1PÞ transition and the measurement of
the hb ð1PÞ and ηb ð1SÞ resonance parameters. Following
the approach used for the observation of the hb ð1P; 2PÞ
production in eþ e− collisions at the ϒð5SÞ energy [3]—by
studying the inclusive π þ π − missing mass in hadronic
events—we investigate the missing mass spectrum of η
mesons in the ϒð4SÞ data
sample. The missing mass is
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
defined as M miss ðηÞ ¼

ðPeþ e− − Pη Þ2 , where Peþ e− and

Pη are the four-momenta of the colliding eþ e− pair and the
η meson, respectively.
The large sample of reconstructed hb ð1PÞ events allows
us to measure its mass and, via the hb ð1PÞ → γηb ð1SÞ
transition, the mass and width of the ηb ð1SÞ. The latter are
especially important since there is a 3.2σ discrepancy
between the ηb ð1SÞ mass measurement by Belle using
hb ð1P; 2PÞ → γηb ð1SÞ transitions [4] and by BABAR and
CLEO using ϒð2S; 3SÞ → γηb ð1SÞ [22–24].
This analysis is based on the 711 fb−1 sample collected
pﬃﬃﬃ
at the center-of-mass energy of s ¼ 10.580 GeV=c2 by
the Belle experiment [25,26] at the KEKB asymmetricenergy eþ e− collider [27–29], corresponding to 771.6 ×
106 ϒð4SÞ decays. Monte Carlo (MC) samples are generated using EvtGen [30]. The detector response is simulated
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with GEANT3 [31]. Separate MC samples are generated for
each run period to account for the changing detector
performance and accelerator conditions.
Candidate events are requested to satisfy the standard
Belle hadronic selection [32], to have at least three charged
tracks pointing towards the primary
interaction vertex, a
pﬃﬃﬃ
visible energy greater than 0.2 s, a total energy deposition
pﬃﬃﬃ
in the electromagnetic
calorimeter (ECL) between 0.1 s
pﬃﬃﬃ
and 0.8 s, and a total momentum balanced along
the z axis. Continuum eþ e− → qq̄ events (where
q ∈ fu; d; s; cg) are suppressed by requiring R2 , the ratio
of the second to zeroth Fox-Wolfram moment [33], to be
less than 0.3. The η candidates are reconstructed in the
dominant η → γγ channel. The γ candidates are selected
from energy deposits in the ECL that have a shape
compatible with an electromagnetic shower, and are not
associated with charged tracks. We investigate the absolute
photon energy calibration using three calibration samples:
π 0 → γγ, η → γγ, and D0 → D0 γ [4]. Comparing the peak
position and the widths of the three calibration signals in
the MC sample and in the data, as a function of the photon
energy E, we determine the photon energy correction
F en ðEÞ < 0.1% and the resolution correction factor
F res ðEÞ ≈ ðþ5  3Þ%. We recalibrate the ECL response
by adding to the energy of the reconstructed clusters, Erec ,
the quantity ΔE ¼ F en Erec þ F res ðErec − Egen Þ, where
Egen is the energy of the photon originating the cluster.
An energy threshold, ranging from 50 to 95 MeV, is applied
as a function of the polar angle to reject low energy photons
arising from the beam-related backgrounds. To reject
photons from π 0 decays, γγ pairs having invariant mass
within 17 MeV=c2 of the nominal π 0 mass [34] are
identified as π 0 candidates and the corresponding photons
are excluded from the η reconstruction process. The angle θ
between the photon direction and that of the ϒð4SÞ in the η
rest frame peaks at cosðθÞ ≈ 1 for the remaining combinatorial background. Thus, we require cosðθÞ < 0.94 for
the η selection. All the selection criteria are optimized
using the MC p
simulation
by maximizing the figure of
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
merit f ¼ N sig = N sig þ N bkg , where N sig and N bkg are the
signal and background yields in the signal region, respectively. The η peak in the γγ invariant mass distribution, after
the selection is applied, can be fit by a crystal ball (CB) [35]
probability density function (PDF) with a resolution of
13 MeV=c2 . Thus, γγ pairs with an invariant mass within
26 MeV=c2 of the nominal η mass mη [34] are selected as a
signal sample, while the candidates in the regions
39 MeV=c2 < jMðγγÞ − mη j < 52 MeV=c2 are used as
control samples. To improve the M miss ðηÞ resolution, a
mass-constrained fit is performed on the η candidates in
both the signal and control regions. The resulting M miss ðηÞ
distribution is shown in the inset of Fig. 1. The ϒð4SÞ →
ηhb ð1PÞ and ϒð4SÞ → ηϒð1SÞ peaks in M miss ðηÞ are
modeled with CB PDFs, whose Gaussian core resolutions
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FIG. 1 (color online). M miss ðηÞ distribution after the background subtraction. The solid blue curve shows the fit with the signal PDFs,
while the dashed red curve represents the background only hypothesis. The inset shows the M miss ðηÞ distribution before the background
subtraction.

are fixed according to the MC simulation. The parameters
of the non-Gaussian tails, which account for the effects of
the soft initial state radiation (ISR), are calculated assuming
the next-to-leading order formula for the ISR emission
probability [36] and by modeling the ϒð4SÞ as a BreitWigner resonance with Γ ¼ ð20.5  2.5Þ MeV=c2 [34].
The Mmiss ðηÞ spectrum is fitted in two separate intervals:
(9.30, 9.70) and ð9.70; 10.00Þ GeV=c2 . In the first (second)
interval, the combinatorial background is described with a
sixth-order (11th) Chebyshev polynomial. The polynomial
order is determined maximizing the confidence level of the
fit and is validated using sideband samples. Figure 1 shows
the background-subtracted Mmiss ðηÞ distribution, with a bin
size 50 times larger than that used for the fit. The
confidence levels of the fits are 1% in the lower interval
and 19% in the upper one. The transition ϒð4SÞ →
ηhb ð1PÞ is observed with a statistical significance of
11σ, calculated using the profile likelihood method [37],
and no signal is observed in the γγ-mass control regions.
The hb ð1PÞ yield is N hb ð1PÞ ¼ 112469  5537. From the
position of the peak, we measure M hb ð1PÞ ¼ ð9899.3 
0.4  1.0Þ MeV=c2 (hereinafter, the first error is statistical
and the second is systematic). We calculate the branching
fraction of the transition as
B½ϒð4SÞ → ηhb ð1PÞ ¼

N hb ð1PÞ
;
N ϒð4SÞ ϵηhb ð1PÞ B½η → γγ
6

experimental result by BABAR [16]. All the upper limits
presented in this Letter are obtained using the CLs
technique [38,39] and include systematic uncertainties.
Using our measurement of M hb ð1PÞ , we calculate the
corresponding 1P hyperfine (HF) splitting, defined as
the difference between the χ bJ ð1PÞ spin-averaged mass
msa
χ bJ ð1PÞ and the hb ð1PÞ mass, and obtain ΔM HF ð1PÞ ¼

ðþ0.6  0.4  1.0Þ MeV=c2 ; the systematic error includes
the uncertainty on the value of msa
χ bJ ð1PÞ [34].
As validation of our measurement, we study the η →
π þ π − π 0 mode. The π 0 candidate is reconstructed from a γγ
pair with invariant mass within 17 MeV=c2 of the nominal
π 0 mass [34] while the π  candidates tracks are required
to be associated with the primary interaction vertex
and not identified as kaons by the particle identification
algorithm. We observe an excess in the signal region
with statistical significance of 3.5σ and measure
B½ϒð4SÞ→ηhb ð1PÞη→πþ π− π0 ¼ð2.30.6Þ×10−3 , which is
in agreement with the result from the γγ mode.
TABLE I. Systematic uncertainties in the determination of
B½ϒð4SÞ → ηhb ð1PÞ, in units of %, and on M hb ð1PÞ , in units
of MeV=c2 .
Source

where N ϒð4SÞ ¼ ð771.6  10.6Þ × 10 is the number of
ϒð4SÞ, ϵηhb ð1PÞ ¼ ð16.96  1.12Þ% is the reconstruction
efficiency and B½η → γγ ¼ ð39.41  0.21Þ% [34]. We
obtain B½ϒð4SÞ → ηhb ð1PÞ ¼ ð2.18  0.11  0.18Þ × 10−3 ,
in agreement with theoretical predictions [21]. No
evidence of ϒð4SÞ → ηϒð1SÞ is present, so we set the
90% confidence level (C.L.) upper limit B½ϒð4SÞ →
ηϒð1SÞ < 2.7 × 10−4 , in agreement with the previous

Fit range and background PDF order
Bin width
ISR modeling
Peaking backgrounds
γ energy calibration
Reconstruction efficiency
N ϒð4SÞ
Beam energy
B½η → γγ
Total
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The contributions to the systematic uncertainty in our
measurements are summarized in Table I. To estimate
them, we first vary—simultaneously—the fit ranges within
100 MeV=c2 and the order of the background polynomial between 7 (4) and 14 (8) in the upper (lower) interval.
The average variation of the fitted parameters when the
fitting conditions are so changed is adopted as the fit-range
or model systematic uncertainty. Similarly, we vary the
bin width between 0.1 and 1 MeV=c2 , and we treat the
corresponding average variations as the bin-width systematic error. The ISR modeling contribution is due to the
ϒð4SÞ width uncertainty [34]. The presence of peaking
backgrounds is studied using MC samples of inclusive BB̄
events and bottomonium transitions. While no peaking
background due to B meson decay has been identified,
the as-yet-unobserved transitions ϒð4SÞ → γγϒð13 D1;2 Þ →
γγηϒð1SÞ can appear as a peak in the M miss ðηÞ
spectrum; this contribution is modeled as a CB PDF with
a peak at M miss ðηÞ ¼ 9.877 GeV=c2 and a resolution of
10.6 MeV=c2 . No significant ϒð4SÞ → γγϒð13 D1;2 Þ →
γγηϒð1SÞ signal is observed under these assumptions,
and we obtain an upper limit on the product of branching
fractions B½ϒð4SÞ → γγϒð13 D1;2 Þ × B½ϒð13 D1;2 Þ →
ηϒð1SÞ < 0.8 × 10−4 (90% C.L.). The uncertainty on
the photon energy calibration factors is determined by
varying both F en ðEÞ and F res ðEÞ within their errors. The
uncertainty on the reconstruction efficiency includes contributions from several sources. Using 121.4 fb−1 collected
at the ϒð5SÞ energy, the ϒð5SÞ → π þ π − ϒð2SÞ transition is
reconstructed; the comparison of the R2 distribution
obtained from this data sample with the simulation suggests
a 3% uncertainty related to the continuum rejection. A
1% uncertainty is assigned for the efficiency of the
hadronic event selection. The uncertainty on the photon
reconstruction efficiency is estimated using D → K  π ∓ π 0
events to be 2.8% per photon, corresponding to 5.6%
per η. The number of ϒð4SÞ mesons is measured with a
relative uncertainty of 1.4% from the number of hadronic
events after the subtraction of the continuum contribution
using off-resonance data. The absolute value of accelerator
beam energies are calibrated by fully reconstructed B
mesons. The uncertainty on the B meson mass [34] limits
the precision on Mhb ð1PÞ to 0.4 MeV=c2 , while it has a
negligible effect on the branching ratio measurement.
Finally, we include an uncertainty in the branching fraction
due to the uncertainty in B½η → γγ [34].
The study of the ηb ð1SÞ is performed by reconstructing
the transitions ϒð4SÞ → ηhb ð1PÞ → ηγηb ð1SÞ. To extract
the signal, we measure the number of ϒð4SÞ → ηhb ð1PÞ
events N hb ð1PÞ as a function of the variable ΔMmiss ¼
Mmiss ðηγÞ − Mmiss ðηÞ, where Mmiss ðηγÞ is the missing mass
of the ηγ system. The signal transition will produce a peak
in N hb ð1PÞ at mηb ð1SÞ − mhb ð1PÞ . The radiative photon arising
from the hb ð1PÞ decay is reconstructed with the same

criteria used in the η → γγ selection, and the hb ð1PÞ yield
in each ΔMmiss bin is measured with the fitting procedure
described above. To assure the convergence of the
Mmiss ðηÞ fit in each ΔM miss interval, the hb ð1PÞ mass is
fixed to 9899.3 MeV=c2 , the range is reduced to
ð9.80; 9.95Þ GeV=c2 and the order of the background
PDF polynomial is decreased to seven. The hb ð1PÞ yield
as a function of ΔMmiss , shown in Fig. 2, exhibits an excess
at ΔM miss ¼ M ηb ð1SÞ − M hb ð1PÞ with a statistical significance of 9σ. The ηb ð1SÞ peak is described by the convolution of a double-sided CB PDF, whose parameters are
fixed according to the MC simulation, and a nonrelativistic
Breit-Wigner PDF that accounts for the natural ηb ð1SÞ
width. The background is described by an exponential. We
measure M ηb ð1SÞ −M hb ð1PÞ ¼ ð−498.61.71.2Þ MeV=c2 ,
2
Γηb ð1SÞ ¼ ð8þ6
−5  5Þ MeV=c , and the number of ϒð4SÞ →
ηhb ð1PÞ → ηγηb ð1SÞ events N ηb ð1SÞ ¼ 33116  4741. The
confidence level of the fit is 50%. We calculate the
branching fraction of the radiative transition as
B½hb ð1PÞ → γηb ð1SÞ ¼

N ηb ð1SÞ ϵηhb ð1PÞ
;
N hb ð1PÞ ϵηγηb ð1SÞ

where ϵηhb ð1PÞ =ϵηγηb ð1SÞ ¼ 1.887  0.053 is the ratio of the
reconstruction efficiencies for ϒð4SÞ → ηhb ð1PÞ and
ϒð4SÞ → ηhb ð1PÞ → ηγηb ð1SÞ. We obtain B½hb ð1PÞ →
γηb ð1SÞ ¼ ð56  8  4Þ%. To estimate the systematic
uncertainties reported in Table II, we adopt the methods
discussed earlier. Uncertainties related to the M miss ðηÞ fit
are determined by changing the fit range, the bin width, the
background-polynomial order, and the fixed values of
Mhb ð1PÞ used in the fits. Similarly, the uncertainties arising
from the ΔMmiss fit are studied by repeating it with different
ranges and binning. The calibration uncertainty accounts for
16000
14000
hb(1P) yield / 10 MeV/c2
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FIG. 2 (color online). ΔM miss distribution. The blue solid curve
shows our best fit, while the dashed red curve represents the
background component.
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TABLE II. Systematic uncertainties in the determination of
the ηb ð1SÞ mass and width in units of MeV=c2 , and on
B ¼ B½hb ð1PÞ → γηb ð1SÞ in units of %.
Source
M miss ðηÞ fit range
M miss ðηÞ bin width
M miss ðηÞ polynomial order
M hb ð1PÞ
ΔM miss fit range
ΔM miss bin width
γ energy calibration
Reconstruction efficiency ratio
Total

ΔM miss

Γηb ð1SÞ

B

0.8
0.0
0.1
0.0
0.0
0.8
0.5

1.2

3.0
0.1
1.9
0.8
0.7
2.8
0.3

4.7

2.8
0.0
1.6
1.1
2.2
5.2
1.2
2.8
7.2

the errors on the photon energy calibration factors. The
uncertainty due to the ratio of the reconstruction efficiencies
arises entirely from the single-photon reconstruction efficiency.
The ηb ð1SÞ annihilates into two gluons, while the hb ð1PÞ
annihilates predominantly into three gluons, but the MC
simulation indicates no significant difference in the R2
distribution. Therefore, the continuum suppression cut does
not contribute to the uncertainty arising from the reconstruction
efficiency ratio. We calculate the ηb ð1SÞ mass as
Mηb ð1SÞ ¼M hb ð1PÞ þΔMmiss ¼ð9400.71.71.6Þ MeV=c2 .
Assuming mϒð1SÞ ¼ð9460.300.26Þ MeV=c2 [34], we calculate ΔM HF ð1SÞ ¼ ð59.6  1.7  1.6Þ MeV=c2 .
A summary of the results presented in this Letter is
shown in Table III. We report the first observation of a
single-meson transition from spin-triplet to spin-singlet
bottomonium states, ϒð4SÞ → ηhb ð1PÞ. This process is
found to be the strongest known transition from the ϒð4SÞ
meson to lower bottomonium states. A new measurement
of the hb ð1PÞ mass is presented. The corresponding 1P
hyperfine splitting is compatible with zero, which can be
interpreted as evidence of the absence of sizable long range
spin-spin interactions. Exploiting the radiative transition
hb ð1PÞ → γηb ð1SÞ, we present a new measurement of
the mass difference between the hb ð1PÞ and the ηb ð1SÞ
and, assuming our measurement of Mhb ð1PÞ , we calculate
Mηb ð1SÞ . Our result is in agreement with the value obtained
TABLE III. Summary of the results of the searches for
ϒð4SÞ → ηhb ð1PÞ and hb ð1PÞ → γηb ð1SÞ.
Observable
B½ϒð4SÞ → ηhb ð1PÞ
B½hb ð1PÞ → γηb ð1SÞ
M hb ð1PÞ
M ηb ð1SÞ − M hb ð1PÞ
Γηb ð1SÞ
M ηb ð1SÞ
ΔM HF ð1SÞ
ΔM HF ð1PÞ

Value
ð2.18  0.11  0.18Þ × 10−3
ð56  8  4Þ%
ð9899.3  0.4  1.0Þ MeV=c2
ð−498.6  1.7  1.2Þ MeV=c2
2
ð8þ6
−5  5Þ MeV=c
ð9400.7  1.7  1.6Þ MeV=c2
ðþ59.6  1.7  1.6Þ MeV=c2
ðþ0.6  0.4  1.0Þ MeV=c2

week ending
2 OCTOBER 2015

with the ϒð5SÞ → π þ π − hb ð1PÞ → π þ π − γηb ð1SÞ process
[4] but exhibits a discrepancy with the measurements based
on the M1 transitions ϒð2S; 3SÞ → γηb ð1PÞ [22–24]. From
the theoretical point of view, our result is in agreement
with the predictions of many potential models and lattice
calculations [40], including the recent lattice result in
Ref. [41]. Our measurement of B½hb ð1PÞ → γηb ð1SÞ
agrees with the theoretical predictions [42,43]. All the
direct measurements presented in this Letter are independent of the previous results reported by Belle [3], which
were obtained by reconstructing different transitions and
using a different data sample. Furthermore, all the results,
except for ΔMHF ð1SÞ and ΔM HF ð1PÞ, are obtained using
the new analysis described in this Letter and are, therefore,
uncorrelated with the existing world averages.
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